responses. In chronic inflammation, Gal-3 is associated with fibrotic events, regulates B cell differentiation and delays lupus progression. Gal-3 deficient mice (Lgals3 −/− ) have intense germinal center formation and atypical plasma cell generation correlated to high levels IgG, IgE, and IgA. Here, we used pristane (2,6,10,14-tetramethylpentadecane) to induce lupus-like syndrome in Lgals3 −/− and Lgals3 +/+ BALB/c mice. Mesentery and peritoneal cells were monitored because promptly react to pristane injected in the peritoneal cavity. For the first time, mesenteric tissues have been associated to the pathogenesis of experimental lupus-like syndrome. In Lgals3 +/+ pristane-induced mice, mesentery was hallmarked by intense fibrogranulomatous reaction restricted to submesothelial regions and organized niches containing macrophages and B lymphocytes and plasma cells. In contrast, Lgals3 −/− pristane-treated mice had diffuse mesenteric fibrosis affecting submesothelium and peripheral tissues, atypical M1/M2 macrophage polarization and significant DLL1 + cells expansion, suggesting possible involvement of Notch/Delta pathways in the disease. Early inflammatory reaction to pristane was characterized by significant disturbances on monocyte recruitment, macrophage differentiation and dendritic cell (DC) responses in the peritoneal cavity of pristane-induced Lgals3 −/− mice. A correlative analysis showed that mesenteric damages in the absence of Gal-3 were directly associated with severe portal inflammation and hepatitis. In conclusion, it has suggested that Gal-3 orchestrates histological organization in the mesentery and prevents lupoid hepatitis in experimental lupus-like syndrome by controlling macrophage polarization, Notch signaling pathways and DC differentiation in mesenteric structures.
Pristane model (Lupus-like model).
Female randomized Lgals3 +/+ or Lgals3 −/− mice received a single intraperitoneal injection (i.p.) of 500 µL (16.7 mL/Kg/mouse) of pristane (2,6,10,14 tetrametyl-pentadecane; Sigma-Aldrich, USA). Lupus-like syndrome in mice is characterized after six months in contact with pristane 26 . Here, we analyzed two endpoints: 6 months to study experimental SLE and 18 hours after the i.p. injection of pristane to evaluate early events associated with inflammatory response to pristane. Non-injected mice were used as controls.
Histological analysis of mesentery. On day 180 after pristane injection, the mesentery of each Lgals3 +/+ or Lgals3 −/− mouse was collected after exposure of the peritoneal cavity and immediately fixated in 10% buffered formalin pH 7.4 for 24 h at 4 °C. Samples were dehydrated in growing concentrations of ethanol (70-100%) for 30 min each and washed 2 times in xylene for 15 min. Then, mesenteries were individually embedded in paraffin and tissues were sectioned into 3 μm thick slices and stained with hematoxylin and eosin. Picrosirius red stain was utilized to identify fibrosis. Bright-field pictures were acquired using an Evolution MP 5.0 RTV Color camera (Media Cybernetics, Canada).
Immunohistochemistry. Paraffin-embedded sections of 3 μm were dewaxed using xylene, hydrated in a graded ethanol and washed with distilled water. After inhibition of endogenous peroxidase, sections were treated for 1 h with BSA 8% and diluted in 0.002% PBS-Tween 20. Tissues were incubated with primary antibodies (1 h), washed twice with 0.002% PBS-Tween 20, incubated with secondary antibody (1 h), and newly washed to follow addition of streptavidin−peroxidase for 1 h (Sigma-Aldrich, USA). Reactions were revealed by diaminobenzidine as the chromogen and samples were counterstained with Harris' hematoxylin. Primary antibodies: polyclonal anti-galectin-3 (clone M3/38), Delta-like-1 and Delta-like-4 (Santa Cruz Biotechnology, USA), and monoclonal B220, CD138, Arg-1, iNos (BD Bioscience, USA).
Hematological parameters. Blood was obtained from cardiac puncture and stored in contact with EDTA solution. To red blood cell (RBC) count, samples were diluted 1:200 dilution of blood in Gower's solution (20 µl of blood + 3980 µl of Gower's solution). After continuous mixing for 3 minutes using mechanical shaker, 10 µl were used in the hemocytometer to count erythrocytes in light microscopy with (40×) objective lens passing through all the squares in the chamber. To count white blood cells (WBCs or leukocytes), the four large squares in the corner of hemocytometer were used. Previously, RBCs were lysed in ammonium-chloride-potassium (ACK) solution and samples were diluted 1:20 (100 µl of blood + 1900 µl of ACK's solution). Approximately 10 µl of diluted solution was used in the chamber and WBCs were counted on the light microscope using (10×) objective lens to quantify all cells distributed by the four corner squares. To platelets count, blood with EDTA was diluted with 1% ammonium oxalate (20 µl of blood + 1980 µl of 1% ammonium oxalate) and samples were continuously mixed for 5 minutes The hemocytometer was filled by 10 µl of diluted solution and platelets were counted in the squares after 15 minutes using (40×)×) objective lens. To each counting, the cells in contact with top and left lines were quantified but cells touching bottom and right lines were ignored. The calculation of the RBCs, WBCs and platelets was defined by Total count (cells/L) = (cells counted × dilution × 10 6 )/volume. Volume is specific to squares used to count each cell type. Data were adjusted to cells/mm 3 of blood.
Mesentery dissociation (AnnexinV and PI test). Mesentery was removed and enzymatically dissociated
in 20-30 mL of culture medium (alpha-MEM, pH 7.4) containing collagenase 1 A, trypsin IX and papain 2x crystallized (Sigma-Aldrich, USA) at 37 °C in 5% CO 2 atmosphere for 2 hours with gentle agitation. At the end of the incubation, the cells recovered by centrifugation (5 min, 150 g). Each pellet was submitted to annexin V-FITC and propidium iodide (PI) staining and flow cytometry analysis. Living cells have double-negative Annexin-V − PI − phenotype while dead cells are positive to Annexin-V and/or PI. Results were representative of three independent experiments.
Mesentery dissociation (Real-Time PCR).
Mesentery was removed and enzymatically dissociated as described above. To RT-PCR, each pellet was submitted to RNA extraction using the TRIzol reagent (Invitrogen Life Technologies, USA), following the manufacturer's instructions.
Real Time -PCR. The mRNA levels of Histocompatibility 2 class II antigen A beta 1 (H2-Ab1), Tumor necrosis factor (Tnf), Macrophage galactose N-acetyl-galactosamine-specific lectin 2 (Mgl2), Transforming growth factor, beta 1 (Tgfb1) and Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were quantified using Hot FirePol Evagreen ® qPCR mix (Solys Biodyne) and specific primers listed below. All primers were purchased from Thermo Fisher Scientific. Total RNA was isolated from mesenteric samples using Trizol ® reagent (Invitrogen) according to the manufacturer's instructions and quantified using Nanodrop ® spectrophotometer. Three micrograms of total RNA were used for cDNA synthesis, using RevertAid cDNA synthesis kit (Thermo Fisher Scientific). Each sample was analyzed in triplicate using a LineGene 9600 thermocycler (Bioer Technology). The relative quantification of target genes was performed by ΔΔCt method using Gapdh as endogenous control.
Statistical analysis. The statistical tests were accomplished using Tukey's multiple comparison test (t-test),
and significance threshold was fixed for α = 0.05. Therefore, P values ≤ 0.05 were considered statistical differences. Each experiment was performed using 3-5 mice per group in three independent assays.
Results
Gal-3 organizes fibrotic mesenteric niches in response to pristane. In control condition, the mesentery of Lgals3 +/+ mice showed unilocular adipose tissue surrounded by a tiny submesothelial layer and mesothelial tissues (Fig. 1A) . In non-stimulated Lgals3 −/− mice, all these structures were found in the mesentery. However, the adipose tissue was typically multilocular (Fig. 1B) . Pristane induces a significant submesothelial reaction 6 months after i.p. injection characterized by extracellular matrix deposition and milky spots well defined
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www.nature.com/scientificreports www.nature.com/scientificreports/ by lymphocyte-clusters in Lgals3 +/+ mice (Fig. 1C ). On the other hand, the submesothelium was poorly identified in pristane-treated Lgals3 −/− mice due to abnormal distribution of extracellular matrix and leukocyte infiltrate ( Fig. 1D ). Mononuclear cells were predominantly found surrounding fat storing regions in submesothelial tissue of pristane-induced Lgals3 +/+ mice (Fig. 1E ). In contrast, granulocytes were frequently observed in similar lipidic structures in the mesentery of pristane-induced Lgals3 −/− mice. Atypical plasma cells, lymphangiectasia and LE-like cells were also observed in these mice knockout for Gal-3 (Fig. 1F ).
The atypical extracellular matrix found in submesothelial regions in Lgals3 −/− mice stimulated with pristane led us to investigate collagen deposition and fibrotic reactions in the mesentery of these animals. Pristane induced a fibrosis restricted to submesothelium in the mesentery of Lgals3 +/+ mice 6 months after injection ( Fig. 2A ), but, in the absence of Gal-3, fibrosis was significantly disorganized showing dispersed collagen deposition throughout the submesothelium and adipose tissue ( Fig. 2B ). Gal-3 + cells were identified in the mesentery of Lgals3 +/+ mice treated with pristane, associating the presence of Gal-3 with fibrosis. These cells were preferentially located in the submesothelial regions, specially surrounding fat-storage plates ( Fig. 2C ). As expected, cells expressing Gal-3 were not identified in Lgals3 −/− mice ( Fig. 2D ). Although histological alterations have been substantially observed in the absence of Gal-3, the percentage of annexin-V + PI + and annexin-V + PI − apoptotic cells was similar between mesenteric cells of Lgals3 +/+ and Lgals3 −/− mice. However, the percentage of annexin-V − PI + dead mesenteric cells was significantly increased in Lgals3 −/− mice treated with pristane ( Supplementary Fig. 1 ). These data suggested that Gal-3 can be a critical molecule to organize fibrotic reactions but apparently did not interferes with cell death dependent on Annexin-V staining.
Absence of Gal-3 partially interfered macrophage polarization in the mesentery of pristanetreated mice.
The hallmarked presence of Gal-3 + cells surrounding lipid-like structures was directly related to F4/80 + macrophages ( Supplementary Fig. 2 ), suggesting a critical role for Gal-3 during macrophage responses to pristane. As consequence, we analyzed the macrophage polarization and observed a significant imbalance between M1/M2 markers. Clearly, Arginase-1 + cells were preferentially located surrounding fat-storage niches, similar with Gal-3 stain, indicating a direct correlation with crown-like structures, in both Lgals3 +/+ and Lgals3 −/− mice ( Fig. 3A mB, arrows) . In contrast, iNOS + cells were scarcely associated with these crown-like structures in these mice ( Fig. 3C,D) . The proportion of these cells was changed in the absence of Gal-3. In the mesentery of Lgals3 −/− mice induced by pristane, the percentage of Arg-1 + cells were significantly reduced in comparison with respective Lgals3 +/+ mice (Fig. 3E ). In contrast, the percentual of iNOS + cells was higher Lgals3 −/− than Lgals3 +/+ mice both induced by pristane ( Fig. 3F ). Mesenteric tissues of Lgals3 +/+ and Lgals3 −/− mice not treated with pristane were negative to Arg-1 and iNOS staining ( Supplementary Fig. 3A -D, respectively). Suggestively, galectin-3 seems to organize iNOS + and Arg-1 + cell niches during inflammatory response in the mesentery.
The immunohistochemistry revealed a potential modulation of macrophage polarization dependent of Gal-3 in the mesentery affected by pristane reaction. Indeed, the real time-PCR analysis indicated that Gal-3 controls TNF-α, TGF-β1, MHCII and MGL2 gene expression by mesenteric cells. It was found that the expression of these genes was significantly increased in the mesentery of Lgals3 −/− mice when compared with Lgals3 +/+ mice, both groups induced by pristane ( Fig. 3G -J). Data showed that M1 markers (TNF-α and MGL-2) and M2 markers (TGF-β and MHCII) were overexpressed in the absence of Gal-3. Together, these results suggested that Gal-3 organizes macrophage niches in the mesentery and controls the expression of genes associated with M1 and M2 polarization during inflammatory and fibrogranulomatous reaction induced by pristane.
Monocyte recruitment is impaired in early events associated to pristane injection in Lgals3 −/− mice. In order to investigate whether leukocyte recruitment and macrophage polarization, we analyzed pristane-induced mice 18 h after the i.p. injection to evaluate early inflammatory events. Hematological parameters and peritoneal floating cells were collected and quantified in all mice groups. The number of red blood cells (RBCs) did not change after treatment with pristane in Lgals3 +/+ (controls: 6.9 × 10 6 ± 2.6 RBCs/mm 3 ; Pristane: 8.3 × 10 6 ± 1.4 RBCs/mm 3 ). However, RBCs of Lgals3 −/− mice were numerically different 18 h after the injection of pristane (controls: 10.6 × 10 6 ± 1.9 RBCs/mm 3 ; Pristane: 16.3 × 10 6 ± 2.6 RBCs/mm 3 ) ( Table 1) . On the other hand, the number of white blood cells (WBCs or leukocytes) increased in both Lgals3 +/+ (ctr: 9.2 × 10 3 ± 1.7 WBCs/mm 3 ; Prist: 22.4 × 10 3 ± 3.1 WBCs/mm 3 ) and Lgals3 −/− (ctr: 5.3 × 10 3 ± 0.9 WBCs/mm 3 ; Prist: 14.9 × 10 3 ± 3.6 WBCs/mm 3 ) mice groups after treatment with pristane (Table 1) . Platelet numbers (Plats) were significantly reduced after pristane-induction in both Lgals3 +/+ (ctr: 198.4 × 10 3 ± 32.2 Plats/mm 3 ; Prist: 112.6 × 10 3 ± 28.2 Plats/mm 3 ) and Lgals3 −/− (ctr: 98.8 × 10 3 ± 12.3 Plats/mm 3 ; Prist: 37.4 × 10 3 ± 10.6 Plats/mm 3 ) mice ( Table 1 ).
The peritoneal cellularity was significantly increased in Lgals-3 +/+ and Lgals-3 −/− mice treated pristane, although the number of peritoneal cells was lower in the absence of Gal-3 (Table 2) . Interestingly, the proportion of cells recruited to peritoneal cavity was similar between both mice groups. The ratio of pristane-Lgals3 +/+ by control-Lgals3 +/+ (26.1/8.2 cells per mL) indicated that peritoneal cellularity increased 3.18-fold 18 h after pristane-injection (Table 1) . On the other hand, pristane-Lgals3 −/− by control-Lgals3 −/− ratio (11.4/3.7 cells per mL) indicated that peritoneal cellularity increased 3.08-fold 18 h after pristane-injection ( Table 2 ). These data suggested that recruitment index to peritoneal cavity was similar between Lgals3 +/+ and Lgals3 −/− both induced by pristane.
Peritoneal macrophages expressing F4/80 were strongly stained in pristane-induced Lgals3 +/+ (Fig. 4A ) and poorly detected in the peritoneal fluid of pristane-induced Lgals3 −/− mice (Fig. 4B ), both 18 h after injection. The number of these cells expressing F4/80 was significantly reduced in Lgals3 −/− (Fig. 4C ). Recruited monocytes (Gr-1 − CD11b + CD62L + ) were significantly reduced in the peritoneal cavity of pristane-induced Lgals3 −/− mice when compared with Lgals3 +/+ mice (Fig. 4D ). Moreover, the percentage reduction of peritoneal Mac-1 + Mac-3 + phagocytic cells on 18 h-pristane-induced Lgals3 −/− mice in comparison with Lgals3 +/+ mice (Fig. 4E,F) , reinforced that monocyte recruitment impaired in the absence of Gal-3 modified early events associated to pristane induction, such as phagocytic capacity.
As cellularity was increased after pristane injection, but monocyte/macrophage lineages were reduced, we analyzed other cell types. The number of recruited granulocytes (Gr-1 +/high CD11b + CD62L + cells) increased in both mice groups 18 h after pristane injection ( Table 2 ). T lymphocytes (B220 − CD5 + cells) were numerically similar at this time, independent on mice group (Table 2) . On the other hand, B lymphocytes (B220 + CD5 +/− cells) were increased in Lgals3 +/+ when compared with Lgals3 −/− mice in both condition, control and induced with pristane ( Table 2 ).
Absence of Gal-3 disorganized peritoneal B cell compartments and mesenteric niches in mice influenced by pristane.
The imbalance of monocyte/macrophage populations in response to pristane 18 hours and 6 months after injection led us to investigate B cell subpopulations in the peritoneal cavity in Lgals3 −/− mice. B1 (B220 + CD23 − ) and B2 (B220 + CD23 + ) lymphocytes were monitored by flow cytometry. It is important to note that B cell subpopulations respond to pristane treatment 27 . The percentage of B220 + CD23 − B1 Blood (cells/mm 3 ) Ctr Lgals3 +/+ Prist Lgals3 +/+ Ctr Lgals3 −/− Prist Lgals3 −/− Red blood cells 6.9 × 10 6 (±2.6) 8.3 × 10 6 (±1.4) 10.6 × 10 6 (±1.9) 16.3 × 10 6 (±2. www.nature.com/scientificreports www.nature.com/scientificreports/ and B220 + CD23 + B2 lymphocytes in both pristane-induced Lgals3 +/+ and Lgals3 −/− mice changed after pristane treatment ( Fig. 5A-D) . Analysis of absolute number of B lymphocytes revealed that B220 + CD23 − B1 cells were significantly increased in Lgals3 +/+ pristane-induced mice, but no changes were detected in B1 cell compartment of Lgals3 −/− mice (Fig. 5E ). On the other hand, B220 + CD23 + B2 lymphocytes were significantly reduced in Lgals3 +/+ pristane-induced mice. Newly, no changes were observed in Lgals3 −/− mice (Fig. 5F) .
The imbalance on B cell response to early inflammatory events in contact with pristane led us to study B cell niches in the mesentery after 6 months of pristane exposition. The presence of B220 + cells reinforced our previous data about organization of milky spots in the mesentery stimulated by pristane. In Lgals3 +/+ mice, B220 + cells were markedly present in well-defined milky spots (Fig. 5G ). In the absence of Gal-3, these B lymphocytes were www.nature.com/scientificreports www.nature.com/scientificreports/ widely dispersed throughout the mesentery (Fig. 5H) , indicating a substantial disorganization of milky spots in the mesentery of Lgals3 −/− pristane-induced mice. Consistently, mesenteric tissues of Lgals3 +/+ and Lgals3 −/− mice not treated with pristane were negative to B220 immunostaining ( Supplementary Fig. 3E,F) .
Morphological changes in the milky spots and B cell niches indicated that plasma cell organization could be affected in the absence of Gal-3 6 months after pristane treatment. The distribution of submesothelial CD138 + plasma cells was severely changed pristane-induced Lgals3 −/− mice when compared with Lgals3 +/+ mice (Fig. 6A,B) . The percentage of these cells were significantly increased in the absence of Gal-3 (Fig. 6C ). In the milky spots, CD138 + cells were well-clustered in the mesentery of pristane-induced Lgals3 +/+ mice, but poorly observed in Lgals3 −/− mice (Fig. 6D,E) . The percentage of these cells was significantly reduced in the absence of www.nature.com/scientificreports www.nature.com/scientificreports/ Gal-3 (Fig. 6F ). The mesentery of Lgals3 +/+ and Lgals3 −/− mice not treated with pristane were negative to CD138 immunostaining ( Supplementary Fig. 3G,H) .
Notch/Delta signaling is significantly modified in pristane-induced Lgals3 −/− mice.
Recently, we demonstrated that Gal-3 interferes with Notch/Delta signaling in lymphoid tissues and B cell differentiation into plasma cells 28 . Considering that B lymphocytes and plasma cell niches were drastically disturbed in the mesentery 6 months after pristane stimuli, it was plausible to investigate the role of Notch/Delta pathways in our model. In both mice groups, DLL1 + cells were preferentially located surrounding milky spots (Fig. 7A,B) . However, the percentage of these DLL1 + cells was significantly increased in Lgals3 −/− mice (Fig. 7C ). Samples obtained from Lgals3 +/+ and Lgals3 −/− mice not treated with pristane were negative to DLL1 staining ( Supplementary Fig. 3I,J) . On the other hand, DLL4 + cells were randomly distributed throughout the mesenteric tissues (Fig. 7D,E) and percentage of these cells was significantly decreased in Lgals3 −/− mice (Fig. 7F ). Furthermore, mesenteric tissues of Lgals3 +/+ and Lgals3 −/− mice not treated with pristane were negative to DLL4 immunostaining ( Supplementary  Fig. 3K,L) .
In order to study a possible early mechanism to explain the disturbances on B cell niches, we returned to 18 hours post-injection to observe the pattern of distribution of dendritic cells (DC). Pristane induced a significant increase of B220 + Gr-1 + CD11c + CD11b − plasmacytoid DC (pDC) and B220 − Gr-1 − CD11c + CD11b + classic DC (cDC) in the peritoneal fluid of both mice groups. However, pDC was numerically increased in Lgals3 −/− while cDC were significantly reduced in Lgals3 −/− mice, when compared with Lgals3 +/+ mice (Table 3 ). Together, these data indicated that mesenteric B lymphocyte and plasma cell niches are widely disorganized in Lgals3 −/− mice due to pDC polarization in early events associated to pristane induction that result in significant imbalance in DLL1/DLL4-Notch signaling and macrophage M1/M2 differentiation. We suggested these mechanisms as high potential to be investigated in experimental lupus disease.
These findings in the mesentery organization, widely disturbed in the absence of Gal-3, led us to investigate the liver considering the natural influx of mesenteric compounds to hepatic portal zones. The liver of Lgals3 −/− mice presented severe portal inflammation characterized by granulocyte and mononuclear infiltrate 6 months after the pristane treatment (Fig. 8A,B ). In the lobular zone, hepatic steatosis was predominant in the Lgals3 +/+ mice whereas atypical cells (such as plasma cells and megakaryocytes) were frequently observed in dilated sinusoids in the liver of Lgals3 −/− mice (Fig. 8C,D) . The scores of hepatic steatosis (higher in Lgals3 +/+ mice), portal inflammation and hepatitis (both higher in Lgals3 −/− mice) indicated that liver injuries were aggravated in the absence of Gal-3 ( Fig. 8E-G) . 
Discussion
For the first time, we demonstrated that Gal-3 regulates inflammatory reaction in the mesentery during lupus-like responses induced by pristane. As reasonable, it was demonstrated that pristane treated Lgals3 +/+ mice have significant submesothelial fibrosis correlated with high concentration of Gal-3 + cells, organized milky spots, and predominant M2 macrophage polarization. In contrast, pristane-induced Lgals3 −/− mice showed severe diffuse fibrosis throughout submesothelium and adipose tissue, disorganized clusters of B lymphocytes and plasmas cells, and M1 macrophage polarization associated with imbalanced DLL-1 and DLL-4 response. All these data can be associated with liver damages characterized by severe hepatitis in mice knockout for Gal-3 in lupus-like syndrome induced by pristane.
Mesentery was recently described as organ 25 and its involvement with pathogenesis of autoimmune diseases is poorly understood. In this experimental lupus-like model, pristane is inoculated inside of the peritoneal cavity promoting early responses in mesenteric and peritoneal cells that culminate in granuloma formation, intense lymphoid and myeloid cells recruitment/activation and autoantibodies secretion 26, 27, 29 . Recently, we demonstrated important changes on granuloma formation in the absence of Gal-3 7 , using a pristane-based protocol that causes mouse plasmacytoma, applying pristane i.p. each 60 days in the course of 180 days 30 . In this work, we explore non-granulomatous regions in the mesentery submitted to a single injection of pristane in the peritoneal cavity (lupus-like experimental condition) 22 .
Pristane induces lupus-like disease six months after a single intraperitoneal injection 22 , including autoantibody repertoire and other clinical markers 26 . Classical aspects examined to lupus diagnosis were neglected in our work, such as proteinuria and anti-c1q. Our major point was to investigate the mesentery and liver in the context of lupus-like syndrome defined by pristane. Lgals3 +/+ mice presented typical mesenteric tissues: mesothelium, submesothelium and adipose tissue. Although submesothelium showed significant inflammatory infiltrate and moderate fibrosis, these histological compartments were well-preserved when compared with non-treated mice.
In contrast, Lgals3 −/− mice showed drastic mesenteric disorganization associated with diffused submesothelial fibrotic reaction, atypical plasma cells and intense influx of polymorphonuclear cells. It is not clear whether morphological findings indicate a possible continuity of inflammatory triggers in the absence of Gal-3 leading to architectural differences or poor resolution of inflammatory status defined by the presence of pristane. The submesothelial reactive response to tissue damages has been described in distinct models [31] [32] [33] . Recently, our group demonstrated that submesothelial cells derived from peritoneal explants have fibroblast-like behavior, mesenchymal phenotype, and stromal functions 34, 35 . The pristane-model was marked by important disturbances on oil granuloma formation in Lgals3 −/− mice, including large necrotic areas and high levels of IL-6 7 . However, the role of submesothelial Gal-3 + to drive autoimmune response continue unclear.
Fibrotic sites can be organized by Gal-3 in different experimental conditions. In the liver, Henderson and colleagues showed that Gal-3 is critical to myofibroblast activation and hepatic fibrosis 5 . Our group revealed that Lgals3 −/− mice have dispersive fibrosis in the liver linked to severe intra-hepatic myelopoiesis during chronic Schistosoma mansoni infection 36 . In the kidney, Gal-3 secreted by macrophages promotes renal fibrosis 37 . In this context, Chen and colleagues reviewed important concepts joining high levels of plasma Gal-3 and progressive renal impairment 6 . Here, we detected strong Gal-3 staining colocalizing with fibrosis in mesenteric submesothelium regions. However, collagen fibers were significantly dispersed throughout submesothelium and adipose tissue of Lgals3 −/− mice. Then, we suggested that Gal-3 plays a regulatory role on fibrotic sites in the mesentery.
In autoimmune diseases, including SLE, Gal-3 has been attracted the attention for multiple functions 13 . The high level of Gal-3-binding protein in circulating cell-derived microparticles has been markedly observed in SLE patients. Although no association with clinical manifestations was detected, it was observed an intriguing formation of immune complexes with IgG in lupus nephritis biopsies 38 . In lupus glomerulonephritis, Gal-3 has been investigated as prognostic biomarker and promising therapeutic target 16 . Pristane-induced lupus model has been used to study the etiology related to non-functional B and T cell responses, autoantibody production, and multiple tissue damages. Currently, this experimental model is considered excellent to understand mechanisms that result in autoimmunity 22 . In this work, we found that T cell compartments were poorly changed in Lgals3 −/− mice induced with pristane. In contrast, B cell niches were severely modified in the absence of Gal-3, at least in part, interfering with B lymphocyte differentiation into plasma cells. In these pristane-induced Lgals3 −/− mice, plasma cells were significant disorganized in the mesentery and possibly involved with the pathogenesis of experimental SLE.
The question about mechanisms that pristane induces lupus remains unclear. However, evidence-based on loss of immune tolerance started by incoherent programmed cell death or by an exposition to a storm of cytokines in inflammatory microenvironments. One of cellular target is macrophage, a critical cell type for development of inflammation and tissue repair. Pristane i.p. injected in mice recruits inflammatory monocytes to peritoneal cavity by INF-type I and CCR2 dependent manners 39 . In this work, we found that Gal-3 favors influx of inflammatory monocytes 6 months after pristane injection, indicating that these cells are persistently recruited to peritoneal cavity in this model. Interestingly, in Lgals3 −/− mice, pristane weakly induced the migration of inflammatory monocytes to peritoneal cavity.
Macrophages activated classically (M1 macrophages) synthetize pro-inflammatory proteins, including IFN-γ, IL-1β, MGL-2 and TNF-α. On the other hand, alternatively activated macrophages (M2 macrophages) produce anti-inflammatory proteins such as IL-4, IL-10, MHCII and TGF-β 40 . Another phenotype distinction is based on the balance of iNOS (M1) and ARG-1 (M2) expression 41 . Gal-3 was critical to M1 to M2 transition 42 . Our data indicated that Lgals3 −/− mice showed increased number of iNOS + cells and reduced number of Arg-1 + cells compared to Lgals3 +/+ mice 6 months after the injection with pristane. It was plausible to propose that tendency M1 polarization in Lgals3 −/− mice delayed the tissue repair and amplified the inflammatory reaction. Considering that Lgals3 +/+ and Lgals3 −/− control mice (non-induced with pristane) did not show iNOS + and Arg-1 + cells in mesentery, it is plausible to suggest that mesenteric inflammatory reaction was driven by M1 and M2 stimuli and the absence of Gal-3 amplified both mechanistic signals orchestrating the macrophage polarization. By Immunohistochemistry and real-time PCR, we observed that M1 (iNOS, TNF-α and MGL-2) and M2 (ARG-1, MHCII and TGF-β1) markers were substantially increased in both Lgals3 +/+ and Lgals3 −/− pristane-induced mice, indicating promiscuous effects of Gal-3 during M1/M2 polarization in the mesentery. These data pointed to Gal-3 as potent tissue organizer and its absence generated an atypical macrophage polarization in lupus-like syndrome.
Notch pathways also interfere with M1/M2 polarization 43 . DLL4/Notch impairs Arg-1 + M2 differentiation by mechanisms that include M1 macrophage differentiation and inhibition of M2 gene expression 44 . In addition, Notch signaling is disturbed in the absence of Gal-3 45 . Recently, we demonstrated that Lgals3 −/− mice presented elevated number of splenic and bone marrow DLL4 + cells in comparison to Lgals3 +/+ mice 28 . However, in this work we found that pristane-induced Lgals3 −/− mice showed lower frequency of DLL4 + cells compared to respective Lgals3 +/+ mice. Importantly, study in lymphoid tissues was performed in C57BL/6 mice while here we used BALB/c mice.
Notch/Dll1 also regulates humoral immune responses inducing B lymphocyte differentiation into plasma cells 46 . Here, we observed that Lgals3 −/− mice induced with pristane showed higher numbers of DLL1 + cells in the mesentery compared to respective control Lgals3 +/+ mice with BALB/c background. Again, these data were opposites of those obtained with C57BL/6 mice 28 . Consistently, Gal-3 was described in anergic B cells of BALB/c mice 17 , but absent in non-activated B lymphocytes in C57BL/6 mice 12 . Together, these finds pointed to distinct functions of Gal-3 on B cell differentiation depending on genetic background of mice.
The recent paper of Beccaria and colleagues reinforced the use of BALB/c mice to study of Gal-3 in experimental lupus. They revealed that Lgals3 −/− mice naturally developed lupus-like disease by controlling germinal center responses via IFN-γ 17 . In accordance, in the absence of Gal-3, we observed some hematological parameters compatible with SLE, including significant thrombocytopenia 47 . Here, we used a classic model to promote lupus-like disease in mice by pristane 22 . To understand early cellular events in this experimental model, we analyzed some cell types within peritoneal cavity 18 h after the injection. Besides on thrombocytopenia, Lgals3 −/− mice showed erythrocytosis and leukopenia when compared with Lgals3 +/+ mice both treated with pristane. The imbalance between classic (myeloid) DC and plasmacytoid DC can be responsible for disturbances described in the mesentery. Although Ly6G high immature monocytes have considered the major source of IFN-I in this experimental lupus-model, DC play important roles in the pathogenesis of lupus in tertiary lymphoid tissues 48, 49 . Here, we found that DC of Lgals3 +/+ were a mixed population containing similar numbers of mDC and pDC. On the other hand, the number of pDC was significantly increased in Lgals3 −/− 18 h after pristane induction. These data indicate a putative cellular mechanism driving the aberrant B cell response in the absence of Gal-3.
One significant consequence of mesenteric disturbances detected in our experimental model was lupoid hepatitis. The involvement of liver typically occurs 10-11 months after the single injection of pristane and the major histological findings are coagulative necrosis, hepatocyte death, bile stasis, bile duct proliferation and lymphoplasmacytic infiltrate in peri-portal zone 50 . These histopathological aspects were observed 6 months after pristane
